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Cellular materials made of stacked tubes:
influence of the manufacturing process on the dyodmhavior of the constitutive material.
Part I microstructure
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Abstract

Cellular materials are very promising as lightweigteronautical frames thanks to their superior
specific mechanical properties such as impactteesie. However, because of the processing routes
and heat treatments used in the production protkssmaterial within the cell walls may behave
differently from the bulk, and therefore the inusihechanical properties are often unknown. The
present work aims at investigating the link thastsxbetween the processing of cellular architestur
and the mechanical properties of their constitutimaterial. The cellular material studied is an
Inconel® 600 tube stacking brazed together usingleel-phosphorus alloy. The experimental works
have been conducted in order to analyse the miaatates of Inconel® 600 tube stacking resulting
from brazing and annealing heat treatment. In otdediscuss the influence of the manufacturing
process of tube stackings on the mechanical prepedf their constitutive material, it has been
proposed to perform uni-axial tensile tests on kabspecimens. Different material configurations
(with or without heat treatments, with or withouickel-phosphorus coating) have been thus
characterised and compared, involving both tensikts from quasi-static to dynamic loads and
electron back-scattered diffraction analyses (EB@jormed on post-mortem specimens.

1. Introduction

High-temperature Ni-based brazing alloys was usedyéar in aerospace industry to bond aircraft
structural parts, acoustical tail pipes, thrustersers, turbines blades and seals. They providd goo
resistance to chemical corrosion and oxidation Emugvith high strength at elevated temperatures.
Vacuum brazing or controlled atmosphere brazing thee most common heating methods used.
Typical temperatures of brazing are in the range 88D-1170°C. Alloys are available in
electrochemical coating, powder, paste form, antl spain foils or tape. A technic for fabricating a
cellular structure closed from the honeycombs amesists of stacking and brazing hollow tubes in a
compact arrangement. Such a structure made inliodtallow tubes stacking is being considered for
applications where multifunctional properties agquired including structural properties. In thddie
of aeronautic industry, this kind of lightweightigtture could provide solution for vibration damgin
heat dissipation and storage, and crash energyimso The integration of metallic hollow tubes
stacking as an engine component that will be relfirsubjected to operating temperatures up to
700°C involved to achieve the brazing at high terafee in order to avoid the melting of the joiints
use. As the behaviour of the material is governethb amount of cold work, grain size and chemical
composition, the purpose of this of this work istody the impact of the brazing heat treatmenhen
microstructure of the tubes, and consequentlyheir final mechanical properties.

2. Cellular material’s processing route

Cellular materials of interest in the present wark brazed tube stackings. They are manufactured
using tubes made of Inconel® 600 which are priated with a 5Qum thick Nickel-Phosphorus (NiP)
alloy layer for the brazing. Inconel® 600 alloy @ standard nickel-based superalloy used for
applications which require resistance to corrosainhigh temperatures. Being not precipitation
hardenable, this alloy can be hardened and stremgthonly by cold work. Tubes, having external
and internal diameters of 5 mm and 4 mm respegtieek stacked up regularly between two metallic
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skins to produce the desired structures (e.g. sehdw with either a square stacking core or a
hexagonal one as shown in Figure 1). Skins are mAbteonel® 600 too and their thickness equals 1
mm. A low-melting coating (nickel phosphorous a)laeposited on the surface of each tubes by
electroless plating was used for brazing. An etdess nickel bath which contains nickel sulfateaas
Ni ion source and sodium hypophosphite as a reduaiient was used to coat a 50um thick nickel-
phosphorous NiP layer on the surface of each tuBe$ore immersion in the electroless NiP
deposition bath, the tubes were etched in nitrid & remove the native oxide layer. This bath
provides NiP coating with a medium phosphorous eantlosed to the eutectic concentration, namely
19 at.% P. As the tubes are not hermetically seal¢kle ends, the coating occurs in the inner sarfa
of the tubes. The tubes were stacked in a graghéténed with inconel® plates positioned at thp to
and at the bottom of the stacking in order to pteva sandwich structure. A close-packed arrangement
of tubes is naturally created and provides “hexagj@tacking”. A square stacking can also be
obtained by tilting the mould during brazing. Trending is achieved by applying a thermal treatment
in a vacuum furnace. According to the Ni-P phassgi@dim, a medium phosphorous content alloy
would be liquid above 1000 °C. As the liquid coricates at the contact lines by capillarity,
metallurgical joints are created between the tubeshis study, a “soft” brazing heat treatment has
been performed in order to avoid microstructurablewons of the Inconel® 600 tubes and in
particular grain growth. It consists in a progressheating under vacuum (with a heating rate of
100°C/min) until 1000°C. Then the heating tempeamatis kept constant during 15mn. The heat
treatment ends by a natural cooling down to roanptrature.

40mm

O

(a) (b)

Figure 1: Arrangement of hollow tubes for fabriogticellular structure (a) square and (b) hexagonal
stacking.

In order to provide a strong bond between the tuded between tubes and the sheet at the top and at
the bottom of the sandwich structure, it is ofteeammended to increase the brazing duration to
enhance the diffusion phenomenon and to improvéothee metal penetration into base metal. Some
samples have been annealed under vacuum duringuk€ At 1050°C. A detailed scanning electron
microscopy (SEM)-based microstructural and chenibalacterization of the sandwich structure has
been carried out to observe the effect of this almg heat treatment. For these eight tubes widke an
eight tubes high sandwich structures, the brazed yidth was around 1.5 mm. Braze joints was
composed of a P-rich central area correspondinthéophase that remains liquid at the brazing
temperature. During the cooling down to room terapee, the complete solidification of the
remaining liquid phase results in the formatiorthe particular microstructure which consists of two
distinct phases: a Ni-rich one embedded in anrnmiggllic matrix NiP. At the interface of the joints
and the tubes, some Ni-rich grains resulting frotocal depletion of phosphorus in the liquid phase
appeared. The whole grains formed a layer, apppannfigure 2 (a), and whose thickness and
composition depend on the heat treatment. Moredher,grains in the tubes are visible thanks to
electron channeling phenomenon. The electron chiagneontrast imaging makes use of the strong
dependence of the backscatter electron (BSE) sayntie orientation of the crystal lattice planethw
respect to the incident electron beam due to #etrein channeling mechanism.
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Figure 2: SEM of a brazed joint between two neighbw tubes; (a) without annealing treatment; (b)
with annealing treatment.

X-ray analyses were performed in order to have sxte chemical distributions (figure 3). The
phosphorous distribution shows clearly the locatbrthe NgP phase in the joint area. During heat
treatment, the tubes are progressively enrichgzhosphorus coming from the liquid phase. But our
observation did not reveal a deep penetration osphorus element into the tubes walls, even with
annealing treatment (figure 3 (a)). Indeed, phosghdliffuses up to its limit of solubility in nicke
around 0.32% (atomic percent) at 1000°C accordintpé binary Ni-P diagram. As this solubility is
very low, phosphorous appears clearly in thgPNbhase where its concentration is around 33%
(atomic percent). During brazing and annealing hesdtments, the diffusion of alloy elements of
Inconel® 600 such as chromium and iron took placenfthe tubes to the joint area. Elemental
distribution shows a heterogeneous compositionhekd two elements in the joint area. Indeed
chromium and iron diffusion took place in the ifideial Ni-rich layer and decreased in the;MNi
phasis as highlighted by low chromium and iron eatg in the NP phase. According to the
homogeneity of composition, especially in the cafteannealing treatment, the diffusion of iron
element into the interfacial Ni-rich layer seemshtofaster than the one of chromium element. The
comparison of the element distributions with anthait annealing treatment (figure 3 (a) and (b))
shows that the annealing treatment allows grainvgref the interfacial Ni-rich layer and creates a
Ni-based junction between the tubes. The interfaidiarich layer appears thicker and richer in
chromium content after annealing treatment. It te®a strong Ni-based junction which could avoid
premature joints failure into the brittle JNi phase.

(@)

(b)

Figure 3: Elemgantal distrimbutions ag(a:ording té Xaeay mapping (Ni, Fe, Cr, P) (@) withgut and (b)
with annealing treatment.



3. Tensile tubular specimens

In order to analyse the influence of the manufatuprocess on the mechanical properties of the
Inconel® 600 base material, it is proposed to campghe mechanical behaviour of tensile tubular
specimens under uni-axial tensile loading at diifier rates of strain for different material
configurations. The machined specimen in Figur@stibeen developed to avoid plastic strain location
and failure near the gripping areas and to makeattadysis of the tube material behaviour possible
under a wide range of average strains and stréds.riubular samples are made from 75mm length
tubes with external and internal diameters equalmim and 4mm respectively produced by
TEXTPART using extrusion and cold-drawing. The ex&ét diameter in the center of the specimen
corresponds to the external diameter of the tulmgdeimented in the cellular materials in Figures 1
and 2 ie 5mm. The table 2 gives the process stapeg different analysed specimens.

25 20 B 25

Figure 4: Dimensions of the tubular specimen fasile tests (in mm)

Sample Machining CO’\(I;Iigng Brhaezgt]g Annealing Loading
treatment

Inco600N X

Inco600BNM X X

INnco600H1 X X X

Inco600NiF X X X X
Inco600HT-A X X X X
Inco600NiF-A X X X X X

Table 2: Process steps of the tensile tubular spets for EBSD Analysis.

This is particularly important that the tensile wildr specimens and the tubes within the cellular
materials have a similar diffusion and penetratbbhrazing metal (Ni-P alloy layer) into the Incé®e
600 base material. The set of Inco600NiP specirhassheen coated by 15um Ni-P alloy layer. This
thickness has been calibrated in order to produsindar diffusion and penetration of the brazing
metal into the base metal, compared to the actaalufacturing process. As the cellular materials are
being subjected to possible dynamic loads (i.@.plade off application), the mechanical behavimfur
the tube materials is also studied under diffedigplacement rates to analyse possible strain rate
effects.

4. Analysis of post-mortem specimens
4.1. Experimental procedure

In order to investigate the evolution of the mitrosture resulting from dynamic load, Electron
Backscattered Diffraction (EBSD) Spectroscopy asialyas carried out on post-mortem samples. All
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samples were cut mechanically on the longitudieatien of the tube, in a plane that passes through
the tube axis. Then the cut samples were cold-neduim epoxy and polished. The material
configurations were analysed in order to studydffect of heat treatement and phosphorus on the
mechanical properties of Inconel® 600 base matefine microstructure of low-speed loaded (6
mm.min?) and high-speed loaded (1) post-mortem samples were also compared (Table 1).

Material Load conditions Name of the post-
configuration mortem specimen
6 mm.min* Inco600BM-6
Inco600BM 1m.st INco600BM-1
6 mm.min® INcO600HT-6
INco600HT 1m.st Inco600 HT-1
. 6 mm.min* Inco600NiP-1
INco60ONIP 1m.st INnco600NiP-6
Inco600HT-A 1m.s! Inco600HT-A-1
INnco600NiF-A 1m.s! Inco600NiF-A-1

Table 1: Material configurations and load conditiafi the analysed post-mortem specimens

Two areas of interest were compared: the fractoea §A), and a non-loaded area (B) (figure 5).
EBSD patterns were collected from a Scanning Edeciicroscope (SEM) Zeiss DSM 960 to map
the crystallographic orientations distribution. T$@nning was performed in order to put Transversal
Direction (TD) parallel to the load direction, tee tubular specimen axis. The Normal Direction {ND
is normal to the specimen’s surface. Two categasfeBravais unit cells are present: the wall in
Inconel®600 and the Ni-rich grains in the braziagdr crystallized in a cubic unit cell (Inconel®060
has a face-centered cubic structure as pure njckbl)e NisP matrix of the brazing layer crystallizes
in a quadratic system. A large area of 500 x GO0 with 0.5um steps at the center of the tube wall

was investigated.
View
direction
(ND)
Machined
area \l/

Fracture

face EBSD
analized
section
Load
direction
(TD)

Figure 5: Schematic illustrations of the analyskhg into a cut of a post-mortem sample: areas of
interest in a section of a post-mortem samplefrdmture area (A), and a non-loaded area (B).

4.2. Microstructures resulting from dynamic load

The EBSD analysis in the loaded areas of all pastem tubular specimens revealed typical grain
morphology of high-strained material illustratedfigure 6: the grains are elongated in the loading
direction, ie. in the tubular specimen axis. Thodaed area spreads on few fifihe figure 6 shows
the typical orientation mapping referring to TD aN®, and the corresponding pole figure for the
Inco600BM-1 tubular specimen. Textures develop fitbm rotation of slip systems in grains during
this plastic deformation. Comparing with that a #o@ded specimen (Figure 7), it is seen that there
a strong texture development in tube wall due tmificant plastic deformation. This texture is

5



observed both in TD and ND. The orientation mappiefgrring to TD shows that there are two
preferential orientations of the cubic unit cellajor <111> in blue, and minor <100> in red as given
by the corresponding key color. It means thathanface-centred cubic cell, either the diagondher
edge is parallel to TD. These two preferential @agons are also highlighted by the direct pole
figures. In 001-axis and in 111-axis, the two daderes show intensity peaks in the directions etbs

to TD. The orientation mapping referring to ND aleweals a texture. It appears that the grains are
mostly in green: the <101> is preferentially pagialb ND. As the specimens have been cut in a plane
that passes through the tube axis, and as ND imaido the specimen surface, ND is a particular
direction in the tube.

Figure 6: EBSD analysis of a Inco600 BM-1 and Ir@®6IT-A-1 tubular specimens in the loaded
area A; orientation mapping referring to (a) TDsadirection and (b) ND axis direction; the
corresponding key color and the direct pole figure.

EBSD analysis highlighted heterogeneity of graesin the wall thickness in the Inco600 BM-1
specimen. The figure 7 shows the orientation mappina non-loaded Inco600BM tubular specimen
in the central area. The corresponding pole figshesv that no texture is present before loading Th
grains appear twinned. The analysed areas, choseross the wall thicknesses, highlight that the
grains are finer at the inner surface of the tubsfgecimens. Grain size is dependent on processing.
The initial tubes were manufactured through a meicdah cold-drawing process followed by
annealing step. They are drawn through a mouldgusiguide bar to keep the tube straight and give
the inner diameter after drawing. The outer diamatel wall-thickness of the tube are reduced and a
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significant plastic deformation occurs in matemdlthe end of drawing. Grain size reduces quickly
through the sequence of cold drawing and annealnfeterogeneous plastic deformation during
manufacturing process could explain the heterogjgpégrain size in the wall thickness of the tudoul
specimens. In general, material with a fine grafocsure is preferred because it has better camosi
resistance and higher tensile, fatigue and impgeehgth.

Figure 7: EBSD analysis of a Inco600BM tubular spea in a non-loaded Inco600BM tubular
specimen in the central area: Orientation mappeheyring to TD axis direction and key color; the
corresponding pole figure.

EBSD analysis highlighted no heterogeneity of gsane in the wall thickness in the Inco600 HT-A-1.
The homogeneous grain size can be explained by graivth of the finer grains localized at the inner
part of the wall occurring during the annealingatreent. For Inconel® 600, grain growth occurs
because of carbides coalescence above 980°C. Atteh@perature, the finely dispersed carbide
particles in the alloy’s microstructure, which ibhigrain growth, begin to coalesce. It means that
time and temperature of the annealing treatmenthd@s at 1050°C) is enough to dissolve the
carbides completely and results in increased gizie. rate of local work hardening in inner wall of
tubular sample is enough to recrystallize the nsicuwture during brazing step, and annealing
treatment provide an homogeneous grain size itoved! of the tubular samples.

4.3. Local strain characterization using EBSD intrgranular misorientation measurements

The state of residual strain in materials can hestigated by EBSD. The technique provides high
spatial resolution, strain sensitive examinatiorplafstic strain, enabling analyses that are otrsarwi
difficult given the spatial / angular resolution darsampling limitations of XRD and TEM,
respectively. The angular spreads into a grain wemamntified. Figure 8a) gives the maps of grain
orientation spread of some high-speed loaded tubsgecimens (1m3 in the loaded area:
Inco600BM-1, Inco600NiP-1 and Inco600NiP-A-1. A igravas defined as a group of at least five
neighboring indexed points having the same crymiahtation within a tolerated angular deviation of
5°. Intragranular misorientation measurements bysBRapture strain manifested as a continuous
change in local lattice orientation across grairfisdeformed materials, with the gradient of
deformation a function of dislocation density aretjcbe of dislocation order. Within each grain, the
point with the lowest misorientation gradient (ileast deformed) is calculated. This is taken as a
reference orientation, and the misorientationslitotaer points in the grain are calculated. Theebl
color indicates where grains have very little insrmisorientation. The green, yellow, orange atl r
colors represent progressively increasing levelintarnal misorientation. Grains are outlined with
black boundaries. Such maps clearly show the ntanhed grains. The same colour scale, from 0 to
25° misorientation is used for the three analy$iesppears that three high-speed loaded tubular
specimens are in the same state of residual s&kaimjority of grains are colored in green. In tase

of the specimen Inco600NiP-1, the grains colorethlire at the border of the wall belong to braze
phases. As NP is brittle, the braze layer breaks during loadisgd few level of residual strain is
observed. For the specimens Inco600BM-1 and InddB®Q, the grains located at the inner surface
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of the tubular samples appear in blue becauseeaif #mall grain size. In fact, the plastic residual
strain level is locally high as revealed by the h&drAverage Misorientation (KAM) maps given in
figure 8b). The KAM is defined for a given pointthe average misorientation of that point withcdll

its neighbors, which is calculated with the provisat misorientations exceeding a tolerance vafue o
5° are excluded from averaging calculation. The mitage of the KAM is affected by the scan step
size, which was always set as 0.5 um in the prgsapér. The figure 8b) show that the average
misorientation in the grains located at the innarfexe of the tubular samples of the specimens
Inco600BM-1 and Inco600NiP-1 are higher than tret of the wall. The maps of Kernel Average
Misorientation and Grain Orientation Spread of lie600NiP-A-1 reveal a lower and homogeneous
residual plastic strain, due to the annealing tneat.

Inco600BM-1 Inco600NiP-1 Inco600NiP-A-1

Wax

Bl 5
Figure 8: a) Maps of GOS (Grain Orientation Spreddhree high-speed loaded tubular specimens in
the loaded area; b) Kernel Average MisorientatibAN]) maps.

5. Conclusion

A SEM analysis of tubular stacking has been coretudéh order to explain the improvement of
mechanical strength through annealing treatmenh @t61050°C). During annealing, grain growth
allowed to create a Ni-based junction between thmes and to avoid premature joints failure. A
systematic study of the microstructure of Incon@@®@ alloy loaded under dynamic condition has
been thoroughly investigated as a function of thidal state of tubular samples with particular
emphasis on local strain characterization using [EB&ragranular misorientation measurements.
Based on these studies, the follow conclusions@mmarized:
- Mechanical properties of the tubes depend on timeinufacturing process (residual work
hardening);
- A strong texture develop in tube wall due to sigaifit plastic deformation;
- Texture and residual strain level are not affectityinitial configuration or the load speed;
- Because of its brittleness, the local strain inliteeze layer is low;
- Annealing treatment provides a homogeneous gram and residual plastic strain into the
thickness of the wall of the tubular samples.



